Injeti ER, Sandoval RJ, Williams JM, Smolensky AV, Ford LE, Pearce WJ. Maximal stimulation-induced in situ myosin light chain kinase activity is upregulated in fetal compared with adult ovine carotid arteries. Am J Physiol Heart Circ Physiol 295: H2289 -H2298, 2008. First published October 3, 2008 doi:10.1152/ajpheart.00606.2008.-Postnatal decreases in vascular reactivity involve decreases in the thick filament component of myofilament calcium sensitivity, which is measured as the relationship between cytosolic calcium concentration and myosin light chain (MLC 20) phosphorylation. The present study tests the hypothesis that downregulation of thick filament reactivity is due to downregulation of myosin light chain kinase (MLCK) activity in adult compared with fetal arteries. Total MLCK activity, calculated as %MLC 20 phosphorylated per second in intact arteries during optimal inhibition of myosin light chain phosphatase activity, was significantly less in adult (6.56 Ϯ 0.29%) than in fetal preparations (7.39 Ϯ 0.53%). In situ MLC20 concentrations (M) in adult (198 Ϯ 28) and fetal arteries (236 Ϯ 44) did not differ significantly. In situ MLCK concentrations (M), however, were significantly greater in adult (8.21 Ϯ 0.59) than in fetal arteries (1.83 Ϯ 0.13). In situ MLCK activities (ng MLC20 phosphorylated ⅐ s Ϫ1 ⅐ ng MLCK Ϫ1 ) were significantly less in adult (0.26 Ϯ 0.01) than in fetal arteries (1.52 Ϯ 0.11). In contrast, MLCK activities in adult (15.8 Ϯ 1.5) and fetal artery homogenates (17.3 Ϯ 1.3) were not significantly different. When in situ fractional activation was calculated, adult values (1.72 Ϯ 0.17%) were significantly less than fetal values (9.08 Ϯ 0.83%). Together, these results indicate that decreased thick filament reactivity in adult compared with fetal ovine carotid arteries is due at least in part to greater MLCK activity in fetal arteries, which in turn cannot be explained by differences in MLCK, MLC20, or calmodulin concentrations. Instead, this difference appears to involve age-related differences in fractional activation of the MLCK enzyme. myofilament calcium sensitivity; postnatal maturation; regulatory myosin light chain; thick filament reactivity CARDIOVASCULAR INSTABILITY is a common feature of many infants in neonatal intensive care facilities. Systematic investigation of this symptomology has revealed that regulation of vascular contractility varies markedly between immature and mature arteries (4, 46). Previous studies from our laboratory have shown that these age-related differences in contractility involve major differences in intracellular calcium regulation. For equivalent contractile tensions, immature carotid arteries require greater calcium uptake than mature arteries, indicating a greater contractile dependence of immature arteries on extracellular calcium (67). Other studies have further demonstrated that the relative size of intracellular calcium stores changes significantly during postnatal maturation (41). Despite these important differences in calcium regulation, however, intracellular calcium dynamics alone cannot completely explain the age-related differences in regulation of vascular contractility. As shown in multiple recent studies, differences in regulation of myofilament calcium sensitivity also contribute heavily to age-related changes in vascular contractility (2).
myofilament calcium sensitivity; postnatal maturation; regulatory myosin light chain; thick filament reactivity CARDIOVASCULAR INSTABILITY is a common feature of many infants in neonatal intensive care facilities. Systematic investigation of this symptomology has revealed that regulation of vascular contractility varies markedly between immature and mature arteries (4, 46) . Previous studies from our laboratory have shown that these age-related differences in contractility involve major differences in intracellular calcium regulation. For equivalent contractile tensions, immature carotid arteries require greater calcium uptake than mature arteries, indicating a greater contractile dependence of immature arteries on extracellular calcium (67) . Other studies have further demonstrated that the relative size of intracellular calcium stores changes significantly during postnatal maturation (41) . Despite these important differences in calcium regulation, however, intracellular calcium dynamics alone cannot completely explain the age-related differences in regulation of vascular contractility. As shown in multiple recent studies, differences in regulation of myofilament calcium sensitivity also contribute heavily to age-related changes in vascular contractility (2) .
By definition, myofilament calcium sensitivity is the increment in force generated for a given increment in intracellular calcium concentration (55) . Changes in myofilament calcium sensitivity influence contractile function of vascular smooth muscle during hypertension, in myometrium during parturition, and in airway smooth muscle during asthma (52) . Regulation of calcium sensitivity, in turn, is mediated through both thick filament regulatory pathways, which establish the relation between intracellular calcium concentration and myosin light chain phosphorylation, and thin filament regulatory pathways, which determine the relation between myosin light chain phosphorylation and contractile force (40, 51) . When examined from a developmental perspective, G protein-coupled receptor stimulation enhanced myofilament calcium sensitivity to a much greater extent in immature than in mature cerebral arteries (2) . Additional detailed studies have further revealed that the extent of myosin light chain phosphorylation was greater for a given increment of cytosolic calcium in fetal than in adult arteries, suggesting that thick filament regulation was upregulated in the immature arteries (51) . In contrast, myosin light chain kinase (MLCK) and myosin light chain phosphatase (MLCP), which are the two main enzymes that dominate thick filament reactivity, were less abundant in fetal than in adult arteries (51) . Together, these findings indicate that thick filament reactivity, and the enzymes that govern it, change dramatically during postnatal maturation.
To date, most studies of stimulation-induced changes in myosin light chain phosphorylation have focused on regulation of MLCP (55) . Whereas this enzyme is clearly regulated by numerous pathways, MLCK also plays a critically important role in regulation of contraction in both smooth muscle and nonmuscle cells. Through a sequence of reactions that are particularly prominent in smooth muscle, calcium-dependent MLCK activation results in myosin light chain (MLC 20 ) phosphorylation, activation of myosin II actomyosin ATPase activity, initiation of cross-bridge cycling, and force development. As the main high-speed kinase responsible for phosphorylating regulatory myosin light chain, MLCK is both necessary and sufficient to initiate smooth muscle contraction (24) . Correspondingly, MLCK-dependent regulation of contractile function has been carefully detailed under both physiological and pathophysiological conditions in many preparations, including saphenous vein (33) , pulmonary arteries (5) , and myometrium (65) . However, the role of MLCK activity in regulation of fetal vascular reactivity has not been widely investigated. In fetuses, low arterial pressure and oxygen tensions rapidly increase during and following birth, and vascular resistance of all organs must quickly rise in parallel to prevent peripheral microcirculatory rupture. Failure of these adjustments to occur contributes to many perinatal disorders, including neonatal stroke, intracranial hemorrhage, and hypoxic-ischemic encephalopathy (61, 66) . Although the reasons why such disorders are associated with greater morbidity in neonates remain poorly understood, they have been attributed to functional immaturity of the vasculature. In light of this rich background, we designed the present studies of MLCK activity to better understand the mechanisms responsible for upregulation of myofilament calcium sensitivity in fetal compared with adult arteries. To maximize relevance to contractile function, the experimental approach relied on rapid measurements of MLC 20 phosphorylation in whole arteries. Because of the relatively large amounts of tissue required for multiple sequential measurements of MLC 20 phosphorylation from a single artery sample from a single animal, the experimental design was focused on common carotid artery segments from term fetal and nonpregnant adult sheep. As shown in multiple previous studies, the vascular characteristics of arteries from term fetal lambs have many similarities, both functional and compositional, to corresponding arteries from term human neonates (47) .
MATERIALS AND METHODS
General preparation. Common carotid arteries were harvested from young adult nulliparous female sheep (18 -24 mo old) following intravenous injection of 100 mg/kg pentobarbital. Fetal carotid arteries were collected after delivery of each full-term fetus (ϳ140 days gestation) from its pregnant ewe by a midline vertical laparotomy, after which the fetus was rapidly killed by cardiac excision. The arteries were cleaned of extraneous connective and adipose tissue, and the endothelium was removed by passing a roughened needle through the lumen, as described in multiple previous studies (42) . All procedures used in these studies were approved by the Animal Research Committee of Loma Linda University and adhered to all policies and practices outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Determination of in situ MLCK concentration. Common carotid arteries from fetal and adult sheep were pulverized in liquid nitrogen using a custom-made stainless steel mortar and pestle and then homogenized with glass-on-glass in 4 volumes of buffer containing 0.5 M NaCl, 50 mM Tris ⅐ HCl at pH 7.5, 10 mM MgCl 2, 1 mM EDTA, 1 mM EGTA, 0.1 mM PMSF, 0.5% protease inhibitor cocktail (Sigma P8340), and 0.1% ␤-mercaptoethanol. After centrifugation at 15,000 rpm for 15 min at 4°C, the supernatant was assayed for total protein content (Bio-Rad no. 500-0006). For each determination, 20 g of total protein were loaded on a 15-lane 8% SDS-PAGE gel, run at 15 mA for 90 min, and then transferred onto nitrocellulose membrane. The membrane was blocked overnight at 4°C with 5% nonfat dry milk in 20 mM Tris ⅐ HCl at pH 7.5, 500 mM NaCl, and 0.1% Tween 20 and then probed with mouse anti-MLCK primary antibody (Sigma M7905) at 1:7,000 dilution for 2 h. Primary antibody-antigen complexes were detected with a goat anti-mouse secondary antibody (Pierce no. 1858413) and visualized using direct photon capture with a charge-coupled device camera (Chemi-Imager; Alpha Innotech). Adjacent lanes of each gel were loaded with six different quantities of a reference MLCK standard prepared from ovine carotids to enable relative quantification. The reference MLCK standard was further calibrated against known masses of MLCK purified from chicken gizzard, which was a gift from Dr. Christine R. Cremo. The mass of MLCK (in g/mg protein) was converted to intracellular concentration (in M) by dividing by the age-appropriate ratio of cell water to protein (in l/mg), which we have previously measured in ovine carotid arteries (10) .
Determination of in situ MLC 20 concentration. Common carotid arteries from fetal and adult sheep were pulverized in liquid nitrogen using a custom-made stainless steel mortar and pestle. The pulverized tissue was extracted for 2 h by using a buffer containing 8 M urea, 20 mM Tris, 23 mM glycine, 10 mM EGTA, 10 mM DTT, 5 mM NaF, and 10% glycerol at pH 8.6 with a tissue-to-buffer ratio of 1:300. After 2 h of extraction on an orbital shaker, the homogenates were centrifuged at 12,000 g for 20 min, after which the supernatants were removed and the pellets were extracted a second time. The supernatants were combined, and their absolute contents of MLC 20 were assayed by separating 10-l sample aliquots on 15% SDS gels at a constant voltage (100 V) for 2 h. Varying known quantities of purified MLC 20 were run on multiple adjacent lanes to enable construction of a standard curve. The purified MLC20 used as an absolute standard was prepared from chicken gizzard and was a gift from Dr. Christine R. Cremo. The gels were transferred onto nitrocellulose membranes at constant current (50 mA) for 3 h, after which immunoblotting was performed as previously described (51) . Briefly, membranes were blocked with 5% milk in TBS (20 mM Tris ⅐ HCl and 500 mM NaCl, pH 7.5) for 90 min. The blocked membranes were incubated in primary anti-MLC antibody (Sigma M4401) at 1:300 dilution with 5% milk in Tween-TBS for 3 h, followed by incubation for 90 min at a 1:1,000 dilution of a goat anti-mouse secondary antibody (Pierce no. 1858413) conjugated with horseradish peroxidase. All washes were carried out with Tween-TBS containing 5% milk. Antibody-antigen complexes were detected by chemiluminescence using a mixture of equal volumes of enhanced luminol reagent and oxidizing reagent (Pierce no. 34096). Membranes were then scanned to determine the integrated optical density values of MLC20 bands using direct photon capture (Chemi-Imager), and these values were converted into MLC20 masses using the standard curve on each membrane. To enable comparisons between age groups, the values of MLC20 mass were converted to MLC20 concentration (in M) by multiplying MLC20 mass (in g/mg protein) by the age-appropriate ratio of cell water to protein (in l/mg), which we have previously measured in ovine carotid arteries (10) .
Determination of in situ calmodulin concentration. Common carotid arteries were extracted for calmodulin by using the buffer used to extract MLC20 as described in Determination of MLC20 abundance, with the exception that EGTA was omitted. After extraction, 20 l of supernatant from each sample were loaded on 15% SDS gels and run at a constant voltage of 100 V for 2 h. Varied amounts of purified calmodulin from bovine testes (Sigma P1431) were loaded as a standard curve on the same gels to measure absolute masses of calmodulin present in tissues. The gels were wet-transferred onto nitrocellulose membranes, followed by immunoblotting as described by Hulen et al. (20) . The primary anti-calmodulin antibody (Sigma C3545) at 1:1,000 dilution and goat anti-mouse secondary antibody at 1:1,000 dilution (Pierce no. 1858413) were used to detect and quantify calmodulin in the samples. To enable comparisons between age groups, the values of calmodulin mass were converted (to M) by multiplying calmodulin masses (in g/mg protein) by the age-appropriate ratio of l cell water to mg protein, which we have previously measured in ovine carotid arteries (10) .
Determination of optimal length for contractile response in intact carotid arteries. Given that maximal MLCK activity is prerequisite for maximal rates of contraction, which in turn develop only at optimal artery stretch, the optimal stretch ratios for carotid arteries from each age group were determined. Common carotid arteries obtained from adult sheep and near-term fetuses were cleaned of adhering tissues, cut into 2-mm lengths, and placed in Krebs solution containing 122 mM NaCl, 25.6 mM NaHCO 3, 5.56 mM dextrose, 5.17 mM KCl, 2.49 mM MgSO 4, 1.60 mM CaCl2, 0.114 mM ascorbic acid, and 0.027 mM EGTA that was continuously bubbled with 95% O 2 and 5% CO2. Each segment was mounted within a warmed tissue bath on wires and suspended between a force transducer and a post attached to a micrometer. After equilibration in Krebs solution at 38.5°C (normal ovine core temperature) for at least 30 min, micrometer readings were obtained at 0.05-g tension, which enabled measurements of unstressed diameter (D 0) for each segment. The artery segments were then stretched in regular multiples of unstressed baseline diameter to yield stretch ratios (D/D 0) ranging from 1.0 to 3.0 times unstressed diameter. At each stretch ratio, the arteries were briefly contracted with 122 mM K ϩ until a peak response was obtained, after which the segments were returned to normal Krebs and equilibrated for 30 min before the next increment in stretch was applied. When contractile responses to K ϩ had been recorded at all stretch ratios, active tensions were calculated and plotted against their corresponding stretch ratios for both fetal and adult arteries, as previously described (46) .
Determination of optimal concentration of MLCP inhibitors. Both adult and fetal carotid artery segments were cleaned, wire mounted, and then stretched to their optimal length. After equilibration and initial contraction with 122 mM K ϩ Krebs, the arteries were washed three times with Na ϩ Krebs buffer and incubated with four different concentrations (0, 10, 30, and 100 nM) of calyculin-A for an hour. Next, the segments were instantly frozen after exactly 9 s of contraction with 122 mM K ϩ by using an acetone-TCA freezing solution held on dry ice at Ϫ70°C. Arteries were similarly frozen following incubation in four different concentrations (0, 3, 10, and 30 l/ml) of phosphatase inhibitor cocktail (PIC; Sigma P2850). Frozen segments were extracted and analyzed on 10% urea glycerol gels to quantify the extent of myosin light chain phosphorylation as previously described (51) . Briefly, the gels were loaded with equal amounts of total protein, run for 2.5 h at constant voltage (200 V), and then transferred onto nitrocellulose membrane at constant current (50 mA) for 3 h. Membranes were then blocked as described in Determination of MLC20 abundance and analyzed for MLC20 phosphorylation.
Determination of concentration-and time-dependent effects of the MLCK inhibitor ML-7 on MLCK activity. Artery segments from both fetal and adult animals were prepared as described in Determination of optimal concentration of MLCP inhibitors. After equilibration and contraction with 122 mM K ϩ Krebs, the arteries were washed three times with Na ϩ Krebs and incubated with five different concentrations (0, 10, 30, 100, and 300 nM) of ML-7 [1-(5-iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine hydrochloride, a MLCK inhibitor] for 30 min, followed by incubation with PIC (10 l/ml) for an hour. In preliminary studies, the maximum values of MLC20 phosphorylation were observed after 9 s of contraction. Thus the segments used to assay for ML-7 efficacy were instantly frozen after exactly 9 s of contraction with 122 mM K ϩ by using an acetone-TCA buffer on dry ice at Ϫ70°C. Frozen segments were extracted and analyzed on urea gels to quantify the extent of myosin light chain phosphorylation as previously described (51) . In a companion set of experiments, the time course of MLC20 phosphorylation in response to K ϩ contraction was determined in the presence and absence of the optimal concentration of ML-7 to verify the efficacy and selectivity of inhibition by ML-7. Arteries were frozen at exactly 0, 3, 6, and 9 s after contraction and analyzed for MLC20 phosphorylation via urea gels.
Activation of MLCK via electrical field stimulation. To enable measurement of MLCK activity in intact tissues, we fabricated a rapid freeze apparatus following a design described by Maass-Moreno et al. (34) . Previous studies have indicated that MLCK activity is limited by the rate of diffusion of agonists through the artery wall, and thus electrical field stimulation is necessary to instantaneously activate MLCK regardless of its position in the arterial wall to accurately measure MLCK activity in situ (8, 34) . Our apparatus included a specialized low-volume tissue cuvette (1.5 ml) equipped with largesurface area platinum foil electrodes arranged to deliver high current density via electrical field stimulation (EFS). Current magnitude was measured directly via oscilloscope as a voltage drop across a known resistance, as previously described (45) . Artery segments were mounted in the cuvette between a stationary hook and a force transducer that continuously monitored contractile force. The force transducer was mounted on a digital micrometer that enabled precise positioning (Ϯ1 m) and stretch of the artery segments. The time of freezing was precisely controlled using a computer-based timing circuit that operated high-speed solenoid valves and enabled very rapid (Յ200 ms) exchange of Krebs buffer for Ϫ70°C acetone-TCA buffer. Arteries were stimulated with 100 mA of current applied continuously at 60 Hz and 4-ms duration, simultaneously frozen at exactly 0, 1, 2, and 3 s, and analyzed for MLC 20 phosphorylation.
Determination of current-contractile responses in intact carotid arteries. Both fetal and adult arteries were mounted in the rapid freeze apparatus and equilibrated, after which contractile responses to 122 K ϩ Krebs were determined. The segments were then rinsed, equilibrated in normal Na ϩ Krebs buffer for 1 h, and then stimulated with graded EFS currents of 40, 50, 60, 70, 80, 90, and 100 mA. Contractile responses to EFS were normalized relative to the maximum responses to K ϩ Krebs. Determination of MLCK activity in intact carotid arteries. To measure MLCK activity in situ, common carotid arteries were prepared as described in Determination of optimal length for contractile response in intact carotid arteries and then mounted in the rapid freeze apparatus. After equilibration and contraction with 122 mM K ϩ Krebs, the arteries were washed and incubated in 10 l/ml PIC for an hour. Next, EFS (90 mA at 60 Hz) was applied, and segments were frozen at 0, 1, 2, and 3 s of stimulation. Frozen segments were extracted and analyzed on urea gels to quantify the extent of myosin light chain phosphorylation as described in Determination of MLC20 abundances. The slope of the relation between %MLC20 phosphorylation and time, which was an estimate of the rate of phosphorylation of myosin light chain, was calculated as a measure of MLCK activity. The apparent specific activity of MLCK was calculated by dividing the rate of MLC20 phosphorylation by absolute MLCK abundance.
Determination of MLCK velocity in artery homogenates. The activity of MLCK was measured in crude homogenates by using methods similar to those described by Liu et al. (33) . Briefly, frozen carotid arteries (ϳ150 mg per animal) were homogenized in ice-cold buffer containing 20 mM imidazole, 1 mM cysteine, 60 mM KCl, 1 mM MgCl2, 10 mM sodium azide, 0.25 mM PMSF, and 1 mM DTT, at pH 7.5. The homogenization buffer also contained PIC at a concentration of 10 l/ml buffer and 0.5% protease inhibitor cocktail (Sigma P8340). Homogenization was carried out for 15 min at 4°C using a motor-driven glass-on-glass mortar and pestle and then centrifuged for 1 min at 6,000 g, after which an aliquot of supernatant was taken for protein determination. Final adjustments in protein concentration were made to ensure that the amount of MLCK in each homogenate was similar. Exogenous purified MLC20 was added to the homogenates to raise MLC20 concentration at varying concentrations up to 46 M. After incubating for 15 min at 37°C, calcium at 3 mM was added along with 1 mM ATP to activate the MLCK. The reaction was terminated at exactly 0, 1, 2 and 3 s by adding ice-cold 10 mM EDTA and then transferring the samples to dry ice. The samples were then analyzed for MLC20 phosphorylation using 10% urea glycerol gels as described in Determination of MLC20 abundance and analyzed for MLC20 phosphorylation. The observed rates of change in MLC20 phosphorylation were normalized relative to MLCK concentration to calculate apparent MLCK specific activities.
Calculations and statistics. Standard curves relating protein mass to optical density in Western blots were fit to the logistic equation by using least-squares error minimization routines, and sample protein masses were calculated directly using the inverse function of the best-fit standard curve. The concentrations of MLCK and MLC 20 were calibrated relative to MLCK and MLC20 purified from chicken gizzard and are expressed in units of micromolar concentration. Values of %MLC 20 phosphorylation were calculated as the unphosphorylated mass divided by the sum of phosphorylated and unphosphorylated masses, as previously described (51) . Relations between %MLC 20 phosphorylation and inhibitor concentrations or time were fit to rectangular hyperbolas, also using least-squares error minimization routines. Throughout, all values indicate the mean Ϯ SE for the number of animals indicated; values of n refer to the numbers of animals and not the numbers of segments or experiments unless indicated otherwise. For length-tension experiments, all measurements were performed in duplicate adjacent segments from each carotid, and these were averaged first within each animal and then across different animals to calculate the group response. In the other protocols, unpaired comparisons between two variables were performed using a Behren-Fisher analysis with pooled variance. All data sets were verified to be normally distributed using SPSS version 16 software. In all cases, statistical significance implies P Ͻ 0.05.
RESULTS
A total of 164 and 187 carotid segments were taken for study from 35 ovine fetuses and 41 adult sheep, respectively.
Effect of postnatal maturation on MLCK, MLC 20 , and calmodulin concentrations. Measurements of MLCK abundance in fetal and adult tissues averaged 1.78 Ϯ 0.02 and 6.10 Ϯ 0.01 g MLCK/mg protein, respectively. When converted to estimates of intracellular concentration, MLCK concentrations were markedly less in fetal (1.83 Ϯ 0.13 M) than in adult arteries (8.21 Ϯ 0.59 M) (Fig. 1) . None of the gels examined exhibited more than a single immunoreactive band for MLCK, and no evidence of a low molecular weight immunopositive product of MLCK (telokin) was observed in either age group, although other preparations used as positive controls verified the ability of the antibody used to detect telokin. MLC 20 abundances in fetal and adult tissues averaged 30.6 Ϯ 0.1 (n ϭ 6) and 17.2 Ϯ 0.2 g MLC 20 /mg protein (n ϭ 6), respectively. When converted to estimates of intracellular concentration, MLC 20 concentrations were not significantly different in fetal (236 Ϯ 44 M) and adult arteries (198 Ϯ 28 M) (Fig. 2) .
Calmodulin abundances in fetal and adult tissues averaged 1.36 Ϯ 0.02 (n ϭ 7) and 2.54 Ϯ 0.01 g/mg protein (n ϭ 7), respectively. When converted to estimates of intracellular concentration, calmodulin concentrations were significantly less in fetal (12.4 Ϯ 1.3 M) than in adult arteries (30.6 Ϯ 3.7 M) (Fig. 2) .
Length-tension relationships in ovine carotid arteries. As shown in Fig. 3 , the stretch ratio D/D 0 associated with the maximum contractile response was significantly greater in adult (2.58 Ϯ 0.07) than in fetal arteries (1.70 Ϯ 0.06). These results agree with our previous findings that fetal and adult arteries have different optimum lengths and sensitivity to stretch, which has been attributed to age-related differences in artery wall thickness and compliance (46) . The altered content of elastin typical of immature arteries (63) implies that a greater fraction of an imposed length change will be transferred to the intramural smooth muscle cells, and thus a smaller length increment will be required to stretch the cells to their optimal contractile length. From a practical perspective, these results also reveal the importance of determining complete length-tension relations in arteries used to study MLCK activity in situ, because MLCK velocity varies with stretch (51), suggesting that maximal MLCK activity is measurable only at optimal length.
Optimum concentration of myosin light chain phosphatase inhibitors. In both fetal and adult arteries, calyculin-A increased %MLC 20 phosphorylation associated with contraction, and the maximum effect was observed at 30 nM ( Table 1) . The maximum %MLC 20 phosphorylation averaged 47.9 Ϯ 3.4% in fetal arteries and 27.6 Ϯ 1.5% in adult arteries. Maximal increases in %MLC 20 phosphorylation produced by PIC were observed at 10 l/ml in both age groups, and maximum %MLC 20 phosphorylation averaged 50.9 Ϯ 2.6% in fetal arteries and 55.6 Ϯ 3.1% in adult arteries. Because PIC at 10 l/ml yielded greater maximal %MLC 20 phosphorylation than calyculin-A, all further studies used 10 l/ml PIC to inhibit MLCP. Because PIC was designed to inhibit more types of phosphatase than calyculin-A (30), and the difference between the maximum %MLC 20 produced by PIC and calyculin A was much greater for adult than for fetal arteries, PIC was used in all subsequent experiments. In all measurements of %MLC phosphorylation, the urea gels consistently exhibited one un- Fig. 1 . In situ concentrations of myosin light chain kinase (MLCK) in ovine carotid arteries. Supernatants from artery homogenates containing 20 g of total protein were loaded on 8% SDS-PAGE gels along with varying masses of a calibrated standard for MLCK in adjacent lanes. The integrated density values of MLCK were converted to their respective masses using a standard curve and then normalized to intracellular volume using previously published ratios of intracellular water to total cellular protein. In all cases, the band densities for unknown samples were within the range defined by the standards. For the standard bands shown (top), the band density given by 5 g of MLCK was not visible by eye but was detectable by the gel analysis software (Chemi-Imager; Alpha Innotech). Values indicate the ratio of MLCK mass to intracellular water, expressed as in situ concentration (bottom). Error bars indicate SE for 7 fetal and 7 adult animals. The average value was significantly less in fetal than in adult arteries at the P Ͻ 0.05 level. phosphorylated and one phosphorylated band, indicating MLC 20 monophosphorylation.
Concentration-and time-dependent effects of ML-7 on MLCK activity. ML-7 at a concentration of 100 M maximally inhibited both fetal and adult MLCK activity (Fig. 4, top) . ML-7 also produced a dose-dependent decrease in contractile response of the artery segments in response to 122 mM K ϩ (data not shown). Using this optimal concentration of ML-7, we examined the effects of ML-7 on the time courses of MLC 20 phosphorylation. As shown in Fig. 4 , bottom, 100 M ML-7 completely inhibited any time-dependent increase in MLC 20 phosphorylation following 122 mM K ϩ stimulation. These results indicate that MLCK is most probably the only kinase involved in MLC 20 phosphorylation during the first 9 s of contraction. The results do not exclude MLC 20 phosphorylation by other kinases at later time points but largely rule out the participation of non-MLCK-mediated phosphorylation during the initial contraction.
Current-tension relationships in ovine carotid arteries. To assure maximal activation of MLCK, we examined the contractile responses produced by graded currents of EFS in both fetal and adult arteries. Application of 90 mA or more of current at 60 Hz and 4-ms duration yielded 109 Ϯ 2.4 and 106 Ϯ 5.2% the response to 122 mM K ϩ Krebs in fetal (n ϭ 3) and adult arteries (n ϭ 3), respectively. Because these stimulation parameters yielded maximal contractile responses, they were used in all subsequent experiments. The ratio of the maximum response to EFS relative to the maximum response to 122 mM K ϩ Krebs was routinely calculated and verified to Calyculin-A and phosphatase inhibitor cocktail (PIC) were added to inhibit myosin light chain phosphatase (MLCP) activity. Artery segments from both age groups were incubated in 0, 10, 30, or 100 nM calyculin-A for an hour, depolarized with 122 mM K ϩ for 9 s, and then immediately frozen and analyzed for MLC20 phosphorylation using urea glycerol gels. Totals of 20 artery segments from each group were used from 5 fetuses and 5 adult sheep. Similar measurements were conducted with PIC at 0, 3, 10, or 30 l/ml concentrations in 20 artery segments each from 5 fetus and 5 adults, respectively. Values indicate averages Ϯ SE. *P Ͻ 0.05, significantly different from initial control values within each age group. be maximal in every segment subjected to EFS; in all cases, this ratio averaged to more than 100%.
Measurement of MLCK activity in intact ovine carotids. As shown in Fig. 5 , top, both fetal and adult arteries reached peak MLC 20 phosphorylation in ϳ2 s. The slopes of these curves, which were taken as a measure of total MLCK activity, averaged 7.39 Ϯ 0.53 and 6.56 Ϯ 0.29 %MLC 20 phosphorylation/s in fetal and adult arteries, respectively. To correct for age-related differences in MLC 20 (Fig. 5, bottom) ; these values were significantly different. (Fig. 6) . Further increases in MLC 20 concentration up to 46 M did not significantly increase MLCK activity. All homogenates used to measure MLCK activity included 0.3 M calmodulin and 3.0 mM calcium, which have been reported previously to be saturating concentrations for MLCK (54, 65) ; increases in calmodulin concentration up to 1 M did not further increase MLCK activity. Given these results, the measurements of MLCK activity observed at 20 M MLC 20 in the presence of 0.3 M Fig. 5 . MLCK velocity in intact ovine carotid arteries. Fetal and adult artery segments were wire mounted and positioned in a custom-made rapid freeze apparatus, activated via electrical field stimulation, and frozen at exactly 0, 1, 2, and 3 s using a computer-controlled apparatus. The segments were then analyzed for MLC20 phosphorylation. The initial rate of change of MLC20 phosphorylation was taken as a measure of MLCK velocity (top). To correct for age-related differences in MLC20 and MLCK abundances, the %MLC20 phosphorylation ratios were multiplied by the corresponding mass ratios of MLC20/MLCK abundance to obtain units of ng MLC20 phosphorylated/ng MLCK (bottom). The initial slopes (V) are given for each age group. A total of 20 artery segments from 5 fetuses and 20 artery segments from 5 adults were used for this protocol. Values indicate averages Ϯ SE. *P Ͻ 0.05, significant difference between corresponding fetal and adult value. Error bars for adult values at bottom are smaller than the size of the symbols. Fig. 4 . Concentration-and time-dependent effects of ML-7 on MLCK activity. Concentration-dependent effects of ML-7 on MLCK activity (top) were assessed by treatment with 0, 10, 30, 100, or 300 M ML-7 for 30 min, followed by incubation with 10 l/ml phosphatase inhibitor cocktail (PIC) for an hour. The segments were then instantly frozen after 9 s of contraction with 122 mM K ϩ and analyzed for MLC20 phosphorylation. Time courses of MLC20 phosphorylation were then determined in the presence and absence of 100 M ML-7 (bottom) by freezing at 0, 3, 6, and 9 s after contraction with 122 mM K ϩ . A total of 65 segments each from 5 fetuses and 5 adult arteries were used for this study. Values indicate averages Ϯ SE for the number of fetal and adult sheep indicated in parentheses. *P Ͻ 0.05, significant difference from initial control value within each age group. calmodulin and 3.0 mM calcium were taken as maximal values for MLCK activity in these tissues.
To calculate the extent of fractional activation of the enzyme in situ, the MLCK specific activity (in units of ng MLC 20 phosphorylated s Ϫ1 ⅐ng MLCK Ϫ1 ) measured in situ (Fig. 5 ) was divided by the apparent specific activity obtained in the homogenates. These ratios indicated that maximal in situ fractional activation in fetal arteries (9.08 Ϯ 0.83%) was significantly greater than in adult arteries (1.72 Ϯ 0.17%).
DISCUSSION
The present study evaluates the hypothesis that postnatal downregulation of thick filament reactivity involves downregulation of MLCK activity. The experiments produced six main findings: 1) MLCK concentration, in situ, was 3.4-fold greater in adult than in fetal arteries; 2) MLC 20 concentration was similar in adult and fetal arteries; 3) calmodulin concentration was 1.9-fold greater in adult than in fetal arteries; 4) MLCK activity, in situ, was 5.7-fold less in adult than in fetal arteries; 5) MLCK activity, in vitro, was not significantly different in adult and fetal arteries; and 6) maximal stimulation-induced fractional activation of MLCK, in-situ, was 5.3-fold less in adult than in fetal arteries. These results demonstrate that postnatal downregulation of thick filament reactivity involves decreases in MLCK activity and fractional activation in situ that cannot be explained by differences in MLCK intrinsic activity or in the abundances of MLCK, MLC 20 , or calmodulin.
Among the many contributions made by the late Andrew Somlyo, perhaps one of the most important was his identification of myofilament calcium sensitivity as a critical determinant of smooth muscle contractility (29) . This discovery fueled numerous investigations into the mechanisms translating changes in cytosolic calcium concentration into increased MLC 20 phosphorylation and subsequent force development (55) . In contrast to extensive studies of myosin phosphatase regulation (14, 17, 28, 32, 35, 36, 59 ) and its influence on myofilament calcium sensitivity, little attention has been paid to a parallel role for MLCK. This inattention has arisen largely from evidence suggesting that endogenous MLCK activity is subject predominantly to inhibition and not activation (18, 19, 43, 58) , which diminishes its potential to explain physiological enhancement of myofilament calcium sensitivity. However, studies of MLCK knockout mice have revealed that MLCK plays a critical and age-dependent role during embryonic development (56) . Myofilament calcium sensitivity is also upregulated in immature compared with mature arteries (2), as is the relation between cytosolic calcium concentration and MLC 20 phosphorylation (51) . Because this upregulation persists even after inhibition of myosin phosphatase (Table 1) , developmental differences in myofilament calcium sensitivity appear to involve significant differences in MLCK activity.
Multiple studies have demonstrated significant changes in MLCK activity associated with changes in MLCK abundance in varied tissue types, including airway (26) , venous (33) , and arterial (16) smooth muscle. Studies of rat pulmonary arteries also have demonstrated that postnatal maturation increases MLCK abundance (5) . Consistent with this evidence, Western blots revealed a 3.4-fold greater concentration of MLCK in adult compared with fetal arteries (Fig. 1 ). Other studies also have shown that MLCK is the product of a single gene, with two splice variants sized at 130 -150 kDa (short MLCK) and 208 -214 kDa (long MLCK) (55) . Whereas the long-isoform MLCK may be more prominent during embryogenesis (11), our Western blots did not reveal multiple isoforms of MLCK or the COOH-terminal truncation product telokin (44) in either age group. This evidence suggests that MLCK abundance increases dramatically during postnatal maturation and cannot explain greater thick filament reactivity in fetal compared with adult arteries (51) .
Given that the tissue enzyme activity reflects both enzyme abundance and specific activity, our experimental approach included activity measurements made in both whole arteries and broken cell preparations. The whole artery approach offered multiple advantages, including preservation of the authentic in situ spatial organization and potential for interaction of MLCK with other proteins. For example, MLCK binds actin with high affinity (13, 57) , and other unidentified protein- Fig. 6 . Age-related differences in the apparent specific activity and fractional activation of MLCK. Apparent specific activity was calculated as the maximum velocity divided by MLCK content (left). Fractional activation of the in situ enzyme was calculated as the ratio of maximal velocity measured in intact arteries over the maximal velocity measured in the homogenates (right). Shown are averages for 6 animals from each group for specific activity measurements and 5 animals from each group for fractional activation. Error bars indicate SE for the number of animals indicated in parentheses. There was a significant difference between the fetal and adult values at the P Ͻ 0.05 level for fractional activation.
protein interactions might influence MLCK localization (13) .Whole artery measurements also preserved the endogenous concentrations of MLCK, its substrate, and cofactors, as well as those of possible endogenous activators and inhibitors. Previous studies have suggested that the levels of many smooth muscle proteins are labile and vary in response to numerous physiological perturbations including development, pregnancy, and hormonal treatment (7, 37, 65) . In light of the greater physiological relevance of in situ measurements, a few previous studies also have employed in situ measurements of MLCK activity (8, 25) .
Whole artery measurements of MLCK activity required several optimizations and validations. Because maximal MLCK activity is observable only at optimal stretch (15, 49) , it was essential to determine optimum lengths for both experimental groups. Consistent with previous findings of postnatal increases in large artery compliance (46) , adult arteries required significantly greater stretch to attain optimum length than did fetal arteries (Fig. 3) . This large age-related difference in optimum length suggests that reliable measurements of in situ MLCK activity can be made only at optimal length and that previous measurements of in situ MLCK activity not performed at optimal length may be subject to error (7, 25) .
Other validation experiments optimized inhibition of myosin phosphatase to enable measurement of MLCK activity in situ as the rate of change of MLC 20 phosphorylation. Consistent with previous studies (22) , calyculin-A optimally inhibited phosphatase activity between 30 and 100 nM (Table 1) , although the efficacy of this inhibition in adult but not in fetal arteries was twofold less than observed with 10 l/ml PIC. Because PIC contains multiple phosphatase inhibitors (cantharidin, bromotetramisole, and microcystin LR), this finding indirectly suggests that adult but not fetal arteries contain a myosin phosphatase that is more sensitive to one or more of the ingredients of PIC than to calyculin-A; this speculative hypothesis merits further investigation. From a practical perspective, all measurements of in situ MLCK activity in our studies included 10 l/ml PIC, whereas not all previous studies of in situ MLCK activity have included phosphatase inhibitors. Variations in phosphatase activity probably augment the heterogeneity of MLCK activity as determined in some previous studies (7, 8, 25) .
Whereas MLC 20 is the only known substrate for MLCK (27) , other kinases appear capable of phosphorylating MLC 20 . These include protein kinase A (62), protein kinase C (21), Rho-kinase (3), integrin-linked kinase (64) , and p21-activated kinase (6) . Because some kinases may phosphorylate only isolated MLC 20 (62) or may phosphorylate sites other than S19 (21), the functional importance of these phosphorylation events, in situ, is uncertain. An important additional feature of these other kinases is that their rates of phosphorylation of MLC 20 are much slower than for MLCK (38, 39) , which suggests that measurements of MLC 20 phosphorylation over short time courses should reflect MLCK activity almost exclusively. Correspondingly, measurements of MLCK activity with varying concentrations of ML-7 (Fig. 4, top) , a specific inhibitor of MLCK (50) , indicated that 100 M ML-7 maximally inhibited potassium-induced MLC 20 phosphorylation and completely inhibited all phosphorylation of MLC 20 during a 9-s exposure to potassium (Fig. 4, bottom) , indicating that MLCK was probably the only kinase phosphorylating MLC 20 within 10 s. It remains remotely possible, however, that another kinase could phosphorylate MLC 20 , provided it was sensitive to ML-7 and was very fast acting; no evidence for such a kinase has yet been reported.
Using our rapid-freeze apparatus, maximal activation with EFS during optimal inhibition of myosin phosphatase increased MLC 20 phosphorylation more quickly (as %MLC 20 phosphorylated/s) in fetal (7.4%) than in adult arteries (6.6%) (Fig. 5, top) . Thus both fetal and adult arteries produced near-equivalent rates of MLC 20 phosphorylation, although perhaps through much different mechanisms. When in situ MLCK activity was calculated by normalizing the absolute tissue velocities of MLC 20 phosphorylation by MLCK abundance, the fetal values (in ng MLC 20 phosphorylated⅐s Ϫ1 ⅐ng MLCK Ϫ1 ) were almost sixfold greater than the adult values (Fig. 5, bottom) . These large differences in apparent MLCK specific activity in situ appeared to be counterbalanced by opposite differences in MLCK abundance such that overall tissue velocities of MLC 20 phosphorylation and generation of contractile force (46) were similar in the two age groups. In addition, basal levels of MLC 20 phosphorylation (Fig. 5) were significantly greater in fetal than adult arteries. This difference raises the possibility that the resting balance between overall MLCK and MLCP activities is shifted toward greater MLC 20 phosphorylation in fetal compared with adult arteries and/or that the basal level of phosphorylation may enhance subsequent MLCK activity.
To determine whether the differences in MLCK activity observed in situ were attributable to differences in enzyme specific activity, our experimental approach included broken cell measurements of MLCK activity performed in the presence of saturating concentrations of MLC 20 and calciumcalmodulin. These homogenate measurements revealed no significant age-related differences in maximal MLCK activity (Fig. 6, left) . When these homogenate values of MLCK velocity were divided into the values of MLCK activity measured in situ, the resulting values of maximal fractional activation were 5.8-fold greater in fetal (9.1%) than in adult arteries (1.7%) (Fig. 6, right) . These values were reasonably consistent with those reported by Isotani et al. (23) in the mouse bladder and support the view that MLCK is only partially activated under in situ conditions (60) . The reasons for this limited activation of MLCK under physiological conditions, however, remain uncertain.
As a whole, the present results demonstrate that MLCK activity, in situ, decreases during postnatal maturation. Increasing postnatal expression of MLCK appears closely coordinated with parallel decreases in in situ MLCK specific activity. Age-related shifts in MLCK isoform do not appear to be involved based on Western blot results, but posttranslational modifications of MLCK activity remain possible, particularly in light of evidence that MLCK can serve as a substrate for multiple kinases abundant in smooth muscle (58) . MLCK also might be differentially regulated by endogenous activators or inhibitors, such as polyamines (48) . Although endogenous levels of calmodulin may vary with age (9) and may be rate-limiting in some tissues (23, 60) , in situ calmodulin concentrations were greater in adult than in fetal arteries and were probably saturating for MLCK in both age groups (Fig.  2) ; thus age-related differences in calmodulin concentration probably cannot explain the observed differences in MLCK activity in situ. Because the mass of agonist-releasable calcium is typically much smaller in fetal than in adult arteries (41) , and depolarization-induced rates of change in cytosolic calcium concentration are also much slower in fetal than adult arteries (1), age-related differences in rates of change in cytosolic calcium concentration also probably cannot explain the observed differences in MLCK velocity in situ. Finally, it remains possible that the spatial organizations of MLCK and MLC 20 differ in fetal and adult arteries such that activation of an MLCK population that is not colocalized near MLC 20 may not produce either phosphorylation or contractile force. Given that maximal depolarization-induced active stresses (46) and MLC 20 concentrations (Fig. 2) are similar in fetal and adult carotids, this hypothesis requires that a substantial fraction of adult MLCK is not localized near MLC 20 . The function of this noncolocalized MLCK is uncertain but may serve some nonkinase function including MLCK binding to actin (53, 57) and, possibly, myosin (12, 31) . The low values of fractional activation of MLCK observed in this and other studies (23) are consistent with the possibility that a significant fraction of MLCK may not be colocalized near MLC 20 . Aside from the mechanisms involved, the present data clearly indicate that postnatal decreases in the apparent specific activity of MLCK contribute to corresponding decreases in thick filament reactivity and myofilament calcium sensitivity (2, 51) . Given that overall vascular contractility and maximum active stress development remain relatively constant during the transition from fetal to adult life (46) , these changes appear to be a critical component of normal postnatal vascular development.
